
(Sulu,i,  tt(d ((, JOSA)

For enquiries, (x]rl[ti~t  (]l(lioIlys(]s,  jpl,I~asa,g, (Jv



.Allsfr:(ct

.4 )net lIOd  is prmentcd fol SIJ}IaT  <It i: I;, I I{(, ,lIgle :ili(l  ]iiu]t  ipl[, sc{ittr[  irlg contributions

t o  tllc  sulfacc  Curlent  \vl)icl}  i~ v, III(I I II III : { uII(l or(l(  t  iri p(,l  (1.lr l)at iol) th(,oly,  Using

this  ]I]ct})od,  rlurncrica]  ex])el irl](,llls  :1( I II(II  : II IIIN]  ICI (Iete)rltill(  ttl(, sl)e(t~al  character-

istics  of t  tl(’ SUlfaCe CUlrCIlt  :I\ il fllll(  ltJ’I  l,j 111  Ci[](’11(’(’ ~ll~]f’  :11)(1  S(11 fil(’(,  IOUgtlnCSS  fOr

loIIg Iandom  p e r i o d i c  gratil]gs  II I-. :.11 1A II t 1 A I. as tile ]]tcid(,ll(e  iill~,l(>  i]lcrca.srs,  the sin-

1 ~~ , (JII sIIIfacc slojm  Wlii(fl  is Ilot ~}lment i nf,le scattcri!~g  colltributio])  SII w> ii  (1(1  I(;f t I I I

st all(im  d ~w]turbatiorl  t}leorics “] III II ?,II(,I ( I :  .1(I s(lrfa(e  curr(,]it  a!I(/ sf~t,t,~red  fie]d are

also  calculated  and showrl  to II(, i (II ISIS I I;II u I h a (Ioul,le-i)c)(l])c(,  satt[vir]g  r[iechanistn

f o r  nlost ir]cidence  a n g l e s ,  II,IJ\(,v,I  , II I. St, ,WXI t]iat  very C1OSC  to ~,la~ing  i n c i d e n c e ,

tile hig}]el  older  fields are ~IK)I  c (f )TI~)S (q 1 v,.1 II all od(l 1111111})(’1 of ~l(JUIl([)S.

l)uring the last decade, a Ilurlll,(l  t~i II(W a)},rc)xill,ate  solution:;  to t }Ic I)IoblcIu of scat-

tering  froIrl rougl]  surfaces have a]}l)eal  t, i, ‘] ‘u’(I  t )&Sic  ty])(>s  of a]  I~)roac]I  ]Iavc  bc!cn s u g g e s t e d :

tl)e first type uses a ~wrturbatio:l  (’X~):ill\i  III for t lIc sll[ face curlcllt  or tllc transition nlatrix

to derive a lm_turbation  Cxpa]miox)  ir~ wfI  I(II t }1(1 7Lt}l  lmw(:r  of the suifacc  height spectrum

appears a.s in the nth order tcr~ri [1], [~!],  /3\,  [zl ~., [5], [6]. [7], [8], A I(CI rlat.c]y, a series may

be ol)taillcd by iterating the tna~,lw(i(  ji( Id illti)!,lal  equation [9], [1 0], [1 1]. ~’he two series

arc not itlcIltical, but there arc rl:la,t i{-)[lstl  ijh t )Iat, car] I]c drawn IKtwccn tilern  in a suit-

abk! liIIlit  [9]. Although many of t ~lmf’ t]ic!,.11  it:.. give! goud a~,rccI[ieIlt  f(m s~m,ific  cases, it

is not clear what is the regime of viilitlity  fol this tyl)c of pelturlmt  io~l expansions or their

colnm-geIlce  characteristics.

‘1’}le l)urpose of this paper is to i~tv,st:~,:tlc  ~l~,nwlically  ttle vali{]ity  of tile first type of

~Jcrturbation  selies. Past numerical (wIII])irJw JI. in t)Ic literature [1 2], [1 3], [14], [15], [16],

[1 7], [18], [19] have concentrated i], t 1,( c II IIIMI  iwn of (I,e scattcmxl  field at infinity with

nulncrical  results. This has the a(! vaI it a~:( t}Iaf, t)lc accuracy of Imrticular  theories can he

cvaluatccl in a straightforward fashion, It lI;LS  I IIC disadvantage, h mwcr, that tlot much

insight is gained about the scatter  illg III(X!  I ~,]~is]l IS wllicll  operate  011 t)ic random surface, or

the reasons  wily any sl)ecific thec)ry  l)](,iik~  I I(IWII  t)[}yor)d  its rcginle of \~i+li(lity.  III this paper,



2

I  w i l l  (Jxalllitle  tflc Surf  am cllrr(IIl,  Iril I)( I ~ 1111  tll( sat terc(l {icl(l.  alI(l  slI(Jw’  11OW gexleral

col)clusio]ls”  about tile scattcrill.p,  111(’(t131}l’lt\  ( )Ic Iat llIg 011 t}Ic s(It  f;i~(’  catl  I)c clraw[].

‘J’ilc IISI]:LI  illtcr]jl[>tiitiOIl  (If ttlr  lj)  I(’ ()! ],( I ( Ill I,at iorl ex])arlsi(,  fl t’x;i[l]irl(,d  l]cIc i s  that

tflc  ?~tl] (Jrdcr  t Prln  r[!prcscnts  a s(;lI t (1 ill, ~ illt(,r;l{:tiol)  dlllil]g  wllic],  7/ llla~,~,  boutlms  of tjhc

il)cidcllt  iicld occur,  111 tllc fllst st,cti{ltl, 1 :.1~{)~,  I1ow, giveli  (1)( l)lll],c)ital soultion fo r  the

surfac~;  ((lrrcqlt,  tllc f i r s t  Or(]el  (s II If\lt  L- l)(~\I]  ~ (’ ) ( (Il]tril)ut  iou  call I)(’ (’St illlatc(l.  N40St of tllc

Illltll(:ri(al  stud i(~s IIlclltioncd  alm(t  11111.I  I I 1:111)  LI(’ tllr  m~alytic  J)l~’(licLiolls  fol t i le  scat tered

C1’OSS-SCTtiO1l  for all infil)itc  surfa~l  \Vlt )! lIIJI)((:[  i(”a,l t(,sults fol a iil~itl>  sulfac,c.  J1) o r d e r  t o

cotn~)cnsak  fol c’dgc efkcts, SO] ] ] ( ’ Li]lti [f il,~ Icl]t fi(l(l  tapelillg  is introduced [12], [13].

lJ)lfc)rtLlll:it,(~ly,  this ta~)ering illtl{ld[j([. fii$l(jl  ions itl tile Sllrfacc  ctllfctlt  ]Ilagllitude and

l)lR.w wllic}]  II)akc the analysis  c,f t III S( lt II(I i!l,i~  nmhallisll~s  ]]~otc di([icult. In order to

overcoll)c  this  lil[litation,  wc Cxall(illi iii t lli~  ~J:-.;~~’r long ~mriodic  sill  facm  for wllicll  pertur-

bation  ex}]allsiolls  Inay a l s o  be oljtai~lto };irl(  +. I lIc cIIlpl]&sis  of this ~la])cr  is ill e x a m i n i n g

scattcriIlg  Inccllanisms,  rather  tl)a~t  (olll]lllt  illp,  ililinit(!  s u r f a c e  sc;itt(’I it~[;  cIoss-scctioIls,  this

ZLWUIIlpti  OIl iS IIOt a ]iIIlitiIlg  faCt(}l  a.q ]( 111 l!, tL< { 1)(!  S{11 fa(”C ]KTkldki{?  iS hl”g(!  (?llOUgh that

very  lol)g ral~ge scattering intcrwt i(}lls  :1] ~, ,~d(’{  ~uatc]y I (I]mw-!ljted, Ill ttle second section

and the Appendix, I shc)w how 1)]{ s~lffaIc  (())frnt a])d scattelcd  field ]Ilay bc computed

for olle-clilll[:llsioll:~l  periodic  rough sl)rfi(~s  will, IIi[?,ll  accuracy cv\:II  for vmy high angles

of imicfcnc{!. ‘1’im third sectio]~  cxallli~}ls  tlI(’ (Ilaractcristics  of’ ttle liTst-orclcr  interact ion

{Is a functio]l of surface height a]ld SI(IIIC, a~i(l I}IC i]lcid(:]]ce  aIIglc.  llavi~lg  separated the

first-order interaction, it ispossib]e  t(,(xalll]tlc  t}lcrcsidua]  intcracti(,xls,  ‘1’}le  llext section

cxa~nincs the contribution to xtlulti~)lc  !,c,,tt(’;i)~,  M a fuuctiolt of sulfate loughness  and

illcidcucc angle. Finally, the last s(xti(l]]  (~iillilll!~s  tlic I)olarinlctrir  r}la]actcr istics of the

scattered field and  the validity of illt(~ll)It,~,it,l;  tl,t., pct~llll)ation  Cx})ii]lsiotl  as an expansion

on tlIc nutnber  of interactions wit}l tlic  sIIllfaIe  :~~rct]ulo.

2. M e t h o d  for ~(lmlatill~  the $iulfac.c!  Curre~lt.



.

tlie illtt,p,ral  (xluatioll

01( I surface (i.(., for z < <(~); kfj is 1 IJI’  \I:l’,IIJIIIIllJCl  i!] flW SIMiC(’;  iill(l  7)(I is tllc iln]xxiancc

o f  free  sl)acc. ‘1’llis  ec~uation  is c:i]lc(l  t II< [2(1’  [21 ] bccausc  it shows‘  }  ,x1 Il(;tiorl  ‘1 ILeOl(:lil’<

that the i!lcidc]lt  field below the SIII [au IS (xt~llquis}l(xl  Iy th(’ scatted field.

lt.atl~cr  than analize t}le s~lt f;ict (I])  I I III (Ii!  {’ctly,  1 I [mlove  tile  ~Ill:Lw3  variations due to

tile iIlcidcIlt  field 011 the surfticc, :111(1  {xilllilll  ii r(’latwl  quantity, wl)icll  I call the source

futlctioll  and define it as

(2)

wllcrc  K. allcf –p. arc t h e  liorizolltiil  alJIi \Ii.ltl(al colnl)oxiellts”  of t.llc incident  wavevector,

respectively. It has Lecn argued ~221, [6] tll:li (I![o rctll{wal of t]lesc ])l]asc factors, which are

rec~uired hy translational invaliatlccof  tl~~ s~lTf.tw  s~m<ttun~, yields a cluatktity  which can be

mderstood  more easily in terms  of <i lll~ll(illh  wattelin~,  sclies.

‘1’llc  I’ollrier  transformoft  lie SO1lI(C  jlll(t!,~ll,gi~’erl  Iy

can beuscxl  asa startingpoint  fc}r a])tll~ll  \.);iti(l  Ilcx]j:iILsioIl  in tcnmsof  t}m surface spectrum

wh~!re ~ is the Fourier transforlll  of (. I I I  tli. ~)revi(jus  ~]elturbatioll  cx~)allsion,  t h e  7~th

older  tmn contains nfactors  of the sl]rffi(  lJ(j~~lierf[)efliciellt,  a]ld ?I - 1 integralsover  the

iIltermediate  wavcnumbers.  TlIc7Ltt  I t(,rlll  is illt(]j  ]retet12~st ties ul]l(}fa  ll()lcle171x  1lolklerltux1l

tratlsfers.  For each momentum t~all~fir,  111{:  wattm:cl  wavt:  itltmacts  resonantly with n

surface st)ectral  components it~ such a ~ra~ tll:il  the net tra!wft~tcd  tllcl]lielltun~  corresponds

to tile cliange ill horizontal moI))(~t)t\lII)  (If it]< t~tll lllllltil)ly  scatkrcci  wave relative to the



of this  tylm liavc  l)ecIl usd  cx})lititlj’  or it PI] Jli( IIv by II]ally  ])(:rturt):itic~ll  ex]]{illsion scllmilcs

ill tile literatulc  [1], [2], [3], [4], ~:)j, [b]. [’l]. Y]

Given  Nr(alizatioI~so ft}lc:s  t)lll([’j~~i(ll[}r  for illdeljcrldcl]t  ici(ll(i  (:llly(l  istrit~~ltcdrall-

Llc)lllrollgllslllfaccs, it is~)ossil)l(’t,(){jl)liilk  ;L1l (.lilll:iLcoftll(:filst  oldc]  cc)tll)lillgcocfflciellt,

Assulnillg  that wearedealingwitt)  /II(JIIitatI  (.:aussia~l ra]]fl(l~llslllfa(t’s,  ()])c! lEUS t ha t  a l l

0(1(1 order  lIIOIllcIltS  o f  t]lc su~fa((’ SIJ()(’lllllll \’it)is}i, <III(I t}l(>  N’(’II otd(’[s (:WI ~)c expressc!ci

ill terms  of the scco~ld  order Illol)l(>llt

wi]erc lV(-y)  r(:llrcscnts the

CHIC can show that the least

cor rec t  UI) to scconc] orcler  ili tllc ])(’](t~lll:itlf)]i  i+ given  I)y

(6)

Ir) tl]c litllit  of ilifillitc  number of r(ali~atj~]ts,  t his cxplessi(ln  converges to (17($ )~*(~))/W(T).

Since the odd lmnwnts  of{ vanis~].  tile CILV or~ier  scat t(l ing cmdrit)ut  ions will  act as zcnm-

I~lmll  noise terlns  in tlie estirnatioll. ‘J~Ko[ld  (tt(ler  (c)rltlil)~lti(~lls,  OIL tlwotlm  hand, may

result non-zero mean contributiollsj  wlli(ll  will IIias tlw estin)atio]]. It is not (!xpccted  that,

fortllct y})csofsurfacesI  will deal wit)~  111 t]l~sl,:klx!r, tt)ildalid  lligllelo  ~(lersc atterix~gco:~-

tributio~ls play asigliiflcant role, but (I)(ir t~lrllli})utioti  isa lillliti~lgftictor for the method

~)rescntcd lime.

‘1’o ~mwidc  a point of conlpalisoli, tlit’ filsl  ord[~r  cxmpling  co(flicimd  otltained  i n  t h e

lJ1lifi[!d  }’erturl)ation  Method  [6] (111’hi), l<y,iv,l~ I)y

(7)



aIld 1(- )(y) hy

3. NUIIJC] i{al lllJl~lerlit!Iltat.i{}ll

Surface curlent realizations W(II c (, ,1,,] iul.[d I )y gmlmat  ins cllscllltll(s  of (;aussiall  rough

surfaces and using the method of II I(IIII(r  Its [ X4(  )M) [23] to SOIVC for  oit(l] realization of the

surface current.  The Fourier tra)wfol  II] of i IJ(! st.)urce fllllctioll  for cacl[ surface was then

colklputcxl  using equations ( 2 ) a]lcl ( 3 ; ‘It} (Istinlatc  the filst OJ(IC1 coul)lirlg  funct ion,

I subtracted tllc coherent con~~)c)]jc))[ (If tile si)\)I  (w ful)ct  ion by renlovillg  tile average over

all realizations c)f the source funct ion. 1 ii] .11 y, a Ii c!stilrlat  c for dl w~s (ll]taillcd  by applying

equation ( 6 ) to the result.

The ralldom  surfaces were ge~lcratc(l  I)j ~l,:ik i III: all uncorr[!latwi, unit variance, Gaussian

ralldonl  noise sequence ixi the wave]lull~l)[>r  I:IOI[lZ!l,,  a~jl)lyirlg  the al)~]mlJriate  filter fullction,

am] Fourim  transforming to tlm COO I (Iitl:tt[  (1( ,I(laill (for details, see [15]). The surface

spectrutll  was ~Jroportional  to -Y” “, a]i(l 1 [Jx;,rllillcd  speetlal  decays of s = 3. ‘1’his spectral

decay is observed in ocean surfaces. 1 alw :X;IIIJ  IIIed a s~)cctral  decay of s == ‘2.5 but do not



G

S n o w  tll(’  I’rsult,  s 11(’1(:  siIlcc!  t,h(c (“(}11(  111.111  Is lil:!u’11 fl(JIU 111(’111 al(’ silllila]  to lIIC s = 3 case.

‘J’lK!  I’C’:LW)ll foI llsiIlg  a pc)wcT-law  Sl)l’(’l  I  1111 ;.i(lc  frol]l possiljlc  aJ)j]li(atic)lw  to natural ly

()( ’(”lll’lil  Ig Slll”fil(’(’S, i s  to a l l o w  tt!,, iIIII III II(JI I If t)l(’ lllCld(’11(  WaV(’  lllOlll(!IltUIll  W i t h  al]

s(lrface  wavevcctors, a id ing  ilk tilt I tl I i(ird  01 1 llc fi~ st order m~):\llsiO1i  co(,fficient  for all

w’{~vc,xllllllt)t’rs.

‘1’11(! SIIla]k’St wavelength ]) ICS(’111 i~l i 1 I S( S11 ~W(’S  WiLS  ( ] .  ?  ~, \\’]1(’l’(’  ~ iS t]l(! ChXtrOIllag-

netic wavclcmgt  iI. The longest M“lv(’1(’11:.’,t  11, .! was  va! i((l  to cxalI)iIlc  tl]c cflccts  of challg-

ill~ t]lc C o r r e l a t i o n  length  (or t]!f> s{]] [ii( I’ ‘.l(IjIz to }1(’i~,}lt  l~tiO). I cxaluiJled  the longest

wwwlengths  of 102.4A, 51.2A, 2.5. tjA ‘1’1)1  { s~ii face ] oot l~lean squfiltxl  (rllis)  heights w e r e

rxanlillml: IA, 0.5A, allct O.l A. 1 i~,(]~( i ;~It, lilts t IIc surface s1(J1)(!s  and curvatures for

the s = 3 surfaces, as WC1l as the f!acl  iol! (It ( t]! surf:i(e which is i]] I!l(llmstatic  shadowing.

V:i[yillg the lcnv-flequellcy  cut-ofl’ v,llilt  kII ] II IILI 1 tlc r]lls  IIeigl]t  collstall{  allows the isolation

of surface slope eifccts from tllos(  (1 11( to ll{i~l)l :iIld iIl(i(lcIl(’e  allgl(’.

~’hc t)iggest problem ellcoutlt  fmxl it! M( )11 ralculatiol]s  flotr] Ial]doli}  Iough sur faces

is the avoidanm  of edge effects. ‘J’llis ]Irot)l(’1[1 w a s  rcrognizml  lI)Ilp, :igc) by Axline a n d

I?u]]g [12] and various Inethods  l)aw 1)(’c]l  ]JNIlmcd  to  deal witli  i t .  (;urrmltly,  tile nlost

~)(j~)lllarlIietllofl  illtlle  literatllre  istll(t,~)!~((l  wave nletllod illtrf)(lllff!(  ll~y’I’llorsos  [13],

wllcrc tlw ilicide.nt field  is takcl~ to I)( a {a},(.r~~l fkld  wllicll  satisfies Maxw’(’11’s equations

apl)roxi:l]atcly, but  attclluates  th(, rCIIIIII  lrI~III !Iic edges  so they a]c rlc~lcgit)le.  Whi le  th i s

lnetllod  is very attractive from t.ti(,  :I[tltl(rlral  st:tlld~millt,  it is lill~it{d  t~y tllc validity of the

talming  a~)proxinlation. M o r e  illllw~tall[ly  f(j] l-m a~~~)licatioll, due to the ]~lultip]ication

of the surface current by a tapering  ful~ct Ion, t}]{’ source function sl)cctrulu  is distorted iri

both  plmw  and amplitude.

An alternate way of avoiding c{l~,~: (~lt:ts  i< t o assunm tlmt tile surface is periodic and

that the ~wriod is large enough so tll{it  t II( ~r.att {r cd field, whic}l ]Iotv  lIas  a discrete angular

sl)cctrull~,  aj)proximates  the colltill{lou\  sl~tI(  [ J (1111 f]olrl all illfillitc  surfwx:,  ‘J’}lis  will be true

if tt~e angular s(:~)aration betwccl]  ]]~()[i(s  i< }I)ljall(:r  t}latl  the an~ulal resolution required to

observe tl)e surface. This method wa< 1,r(,] )( NO i by ill  [151 and [16] t o deal with moderate
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illci(lf~[lro  :LIIglcs  and the made]  is lti(’1  i{ (i I 111’rl’  l~r 01]] C{)l)vellt,icllls, :~ltlloug,l]  the far-field

rcslllts fO1 tllf!  lmiodic  s u r f a c e s  alr ll~lt t’qllIl  I ~ the IIlfiliitr  suI  fact’ lilllit  Ieslllts,  it is Ilot

(’x}x’ct(’d  that t IIC ~J1lysics  of L])(’ llj~llt  ij~l(  S( it 1~.’I mjy,  ir)t (’! artiolw will II(’ si{;l]ificantly  affected

SiIIC(’ 011(’  (> X~)(>Ct  S IllOSt  II)ll]ti~)](’  S(’ilt tl.1  ill~,  IJII  (’1  {L t ioIIS to ])(! (]11[, to 11(31 ~)~ SUI faCC! fCat UICS.

‘1’lIc  k(’y  t o  im])le[IleIlting  this IIIe[ 11(1(1  I. 1 II( ifri~llliitioli  of t hr ])(’I  i(~(lic  (; I’W1l’S  functioIl

aII(l  i t s  Ilor~llal  d(v’ivat,ivc  on tll(’ >IIIia{t>,  II I  tl,~, wotk (itm(l  al)o~’e, W( a~)]JIoxiII)atcd  tllc

Gmv)’s  fuuctiml  hy summing oIIl~ a ffv,’ 1(’]  IIIS  (If it~ iufillitc  scri(’s  lr~)lcsclltation,  W h i l e

this is adequate for llloderate  illci(l(ll((,  ;ilJ\Il(+ ]t is ]Iot sllflicicllt  a< i lie il[cidcllce  a n g l e

al)~)roacllcs  graxillg.  lIer(!,  I ]uak(’ us~, of all ;,II([ t’,] al 1~’~]r(’scllt:itioll  of t IIe periodic Grmn’s

fullctioll  obtaill(d  by Vcisoglu t:( L]. [;Jj I I ()~,vt  h+’i  wit 1, sOII1(:  al]l)[oxill]at  ions w h i c h  m a k e

tile Molltc  Carlo  cvaluatioll  coIn~)ut  at ioll;il  1S tfli itvlt.  ‘1’lic details of” t tlc ]Iw]crical  nlethod

are ~J]csclltcd  ill A1)lwndix A.

I USC(1 tl]c cx~)rcssions for tlLc (;]t(~l’s (Ilrlctl.)11 ol]taillccl  ilk Alq~t!lJdix  A together with

tile MOM. For each CMC studied, 1 uwd a [ olal ()( 100 Mt)l)tc  Carlo Icalizatio]ls  and all the

calculat ions WC]C perforlned  usi~l~, dolil)le  I)l(t,sioll  aI itllm(!t,ic. ‘1’lIc  cII(:rgy  collservation

was calculated for each case and ~as  fol]l] i to t~~ better t]lan O.1% ill all cases,  and better

t~lall  ().()()]% ill lnost Ca.S(!s.  I estilllat(  t 11:11 t ]1(! II I or ba~S  ill 0(11  fal fi(!]d  SCattCri!lg  reSU]tS

due to sl)ccklc  arc of the order of t 1 (l]:.

4, First oldcj (:o(flicicnt  Resu l t s

First order ~)m-turbation  theory i< kl,{)v:ll  to ~Jrovid{:adequatc  j)re(lictions for th(! scat-

tcrcd  field for moderate incidellce all~,lw (f~)] d(tailed  Inl[l)erica)  colll~)arisol~s,  see [15] and

[1 6]). Figure 2 shows the magnitude a],,l ~)lla.<{  for t,hc estimated Ilorizol]tal  and Vertical

~)c)larized  first-order coefflcient,s,  d] , a,< a fl~l,ft io]l of t,l]c llorlllalizcd  ~’avcllutlll)cr,  ~/ko,  for

an illcidmce  ang]c of 45°, an rnls SUI fate ] ~)~]y,lit  1(w of ,4, and various values  of rms surface

slo~m.  It is clear from this figuIe  t Ilat t }11 fi! St (IIdeI p(,I tull)at  ic,ll  co(,fliciellt  is inclepcn-

dcl[t  of surface s]opc,  for this incidcllc(. a~l~l{  atId surface rlus lwi~llt.  Siulilar results are

obtaillcd  when tile surface rms 1)(’igl~t  is \), I \ :tlld  0.5A. ~’lw figutcs  also agree with the

qualitative fcatur(!s  predicted by fit st (JI de]  ]IU tIII IIat io~l t lmory. ‘1’hc  11-l) olarization  source
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full{tioll  rx]lil)its  Ilul]s  W]lcn ~I(Yl ]~1~  t II( ‘1-~)()]al  i7ati(Jll  s(it)rtt  illllctio~],  OII tile otllcr

lmIIci,  slmws a st,rotlg  ~mak foI  - , /  /:,,  I 1 sill [~())<  (C)rIIIS]J OIIIli IIp, 10 t}lr surface  w a v e

co~l])iil)~  wav(~l~ul~ll)vr. “j’}lis  fi~;llt(  also  S!I(,U  .  tlml (,11(  Ilois(’ ill t  1)(,  (sti  Iliatcci  first-orcier

((wiiici(’Ilt  is (]uit,e sIIlall,  illciicat  ill}:, I t!:it  ii! ht I:cicl s(a[  teliIJg  dolllitjatrs  for  this  s i tuat ion.

‘1’llcre is slightly more noise foI \’ I)(II;LT  ha’ I.JI. (c)l[ll)ar(ci  to J1-}J(Iial  i~;itioll,  s{lggesting that

t lIc lligllw order contributions  Itligl}l  1,1’ ,:I1;( ~ol Lllis llolaliyatio[l.

h’or tllc sake ofcomparisol),  I’Ip,  III( 2 :; ISI, SII IV; S tllc ~J1cciict  ions ft~l t )](, LJI’N4 perturbation

t Ilcory  [6]. ‘1’lIc  agrcwnlent  bctw(wll  t II( ~1 IIIIa! (<l co(fli[ient  atl(i  t 11(’ (J] ‘M ~)rc.dic.tion is very

goo(i fol 11-l) olarization  for all ~r:ivt[i(]){l)(s.  I ‘{)r  1~-~,ol;trizati[~]}, (~])  fl~c ot}lm hand, there

arc sigllificwlt (iisagrcelnent,s  fo] l;I1 /I,(s]  \viIY(’]  III IIlb(~Is. ltc(alli  Ilg t IIat l)ro~mgatinp,  mocics

exist for -- (1 -t- sin  00) < ~/ko < (1 :,ill  (,,). ~ lric S(CS that t)w ay,lccl[mt  is excellent for

t}lc  J)ro}mgatiIIg  modes. For tl]c ]](,11 ]lj~)jwl,tt  i~l~ ]nodcs, wllicll  m)llt[ illlltc  to the near-field,

tl)erc is sigllificaxlt  disagrecmmlt ill t)<~l }1 II Ii F,JII[  udc a]ld l)I]MP. ‘1’tle estilllated  first order

coefficient I)re(iicts  that si,gnificaIltly  p, I(:il (’I eIIIIgy  vi]] tleallocatc(]  10 folwarci pro~)agatirg

evamsmlt  waves, while Si,gI]jficit  Ilt]y l(ntrI cll(rgy will be allocatwi to tjack-propagating

cvallcsccllt waves, with a weak Illirlil(lul)  a])])  al inp, at ‘y/kO s:: 3.7. ‘1’lm tmhaviour of the

V-lmlarizcd  I)lIa.sc  also shows sigllifi(a\it (l(v i;{ ~olls ili ljchh  fm wa~ (i and Lmkprol)agating

{iircctiol~s,  witl~ only sn~al]  deviat ioIls ill ~o: t I,* I)rolmgatillg,  lno[ics.  l’rcvious results [] 5],

[16] for the far-field have shown ~,)()(1 a~~I tvri,( III b(!tvtxl]  pert urbiit io~] atld MOM results,

illciicatillg  that tllc deviations in tllc IloIi~lr(Ij):L{,tl illg I]lo(ies  plays a sigl]ificalli  effect only for

tile near field. Nevertheless, it ~a~ II( I( ii t’d t lILt the V. j)olar imd l)re[iictic}lls  were slightly

inferior to their H-polarized Cclullt [’I J)al t L. ‘J 1 I(+e r(!lrlal  ks are alscl  vali(i  for smaller rms

surface ll[!ights,  although the p}]aw’ d{’~’ia! J(J~s iil(’ sitllplm:  there is a silliJdc  sign change at

tl]c same location of the approxii[lii{(’ IIull,

We lwxt cxplcme the behavio]ll of tilt  f IF st (u det coefficient. a a fulwticlll  of incidence

alqglc.  Figure 3 ~mesents the estilrlat~:d  ) i+ I)l(s  fI ] an i]lci(ience an@ I of 89” ami O. 1A surface

rills }might.  Tl)ese results are colisls(c]li  v!it II t III’ 4f1c’ results, IIowtwu,  one lLow begins to

notice a slight (iependcnce  of the first (JI dl,t ((wfl  icient oIt the Ims S1OIIC  for V-polarization.
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‘1’llis  (1(~)(11(1(’I)rx:  illcr(a.scs as [ Ill, 51 ~ 1:1 t’ I II ., ll(!i~,llt irlcrca.s(x,  ,1.< 1 ‘i(,~lrc 4 sllrm’s  fo r  ML

]r[ls  il(’igllt  of ,4. ‘1’llis tigurx: sli{~lv~ 1111(. f{,] 1~-~){,l:~llzatio)]. ttl(’r( is IIO ]Ioticeal)lc  slojjc

[lel)(’ll(lcncc  ill citl]er ~)lla.w: or :11111)111  llf~f’ :IIJI tlIc ;if,Itx’ll](?]lt Jvitll ttl(’ lJl)M ~)rcdiction i s

(x([’llcllt.  h’or V-l)olarizatioll,  tl~) lIIC (111111 tif~ll(~, (It(,lc i:; ii VOIY S(l[)I)~,  (\12])1211dCIlCC  Of

tllc first-ord(!]  (’ocflicient  011 tll(  sllll:]~t  lIf~~ .I(qx!. with tl)e l[l;i~’,llit~]clc  (If Lllc cocfhcie!lt

(Iccrcasillg  IIlt)llotonically  with SI(JIJ( ‘~]11’ l/’L’l~ti(JllS  ;II’C  [11S()  S((’11  t o  t)C’ S!11.311(21 for th!

I)rvj)agatillg IIIOdCS than for tllc li(ol)-~)1 )11’i~,;It  illj!, lnt)(l(x “1’lic  de})eII(lcIIcc  of tile V-J)olarized

Il]agllitudec)ll rlllssllrf;tccslc)l)c  illS()  Ill(r!a+. [Ilollotolli(ally  wit]] irlci{lm~ceangle,  Figure 5

SIIOWS  tI)e 1~].a~llitude of tile V-lJol/lli/~,ii  flrsl IIIC1O co(>flicicllt for i]~(i(lc]icc  angles Of 60°,

?0”, 80”, al)cl 85°. Aside fr’cnn lIII! i~l(!(wc(l  (I(}II:II(](IIC(  C) II tllcslo~)c,  t}lisfip,ure also sl]ows

tllal  tl]ercgio]l  iIlnloI[]e])tun]  s] I:Ic(  wl[(t: I,h!*: ]11’O])Ei&ilf,iIlg  W~VCS.  ar(”  fOI biddC1l getS lllOre

sharply localized as the! illc,idelic(’  ali[I,lf.  ~1~[ l~,:t+~s. 1 (uirelltly  llat’(’ )10 cx~)lallatioll  for the

cxistmncc  of this fortriddcm  rc~ioll,

What causes pmturbatio]l  thwl y t () +jI,t (’[’  v ( 11 with 11-~]olarir:iti(~ll. wllilc giving increas-

‘> 1 liive ]Io drfinitf!  arlsw[’r to this quest ion,  butillgly  elrolleous  results for V-Jmlalifiritioll.

oIIr2  mticcs that for 011(>- diIrleIlsil)rliil  sllrlat{s  l}Ic solution of t}lc 11-~)cjl:tli7atiotl  ~)erturba-

tioll selies  is correct  to all Oldc)s (J! ttll sl~?f(tic  slo~)e.  Fol 1~-~)(}lalizatio~l,  on  the  o the r

harld,orlclllust  cxJ)alld tlle~)(:I  tllrl);~ti(.,11  s(ric:  ill~~(~wcls{)f}](]tl] }Icif,l]t:  irl{lsurfaceslopc.

Slope corrections contribute to llip,ll(t [I](i(’] t(!lrlls, ca~lsi]lg  a l~iixi]~p,  of sil]glc  a~]d ~nultiple

scatteri]lg  in tile perturbation series. 1’()! fllll  t~’o-dir[wrlsiol~al  sulfm:s,  it is necessary to

expand ill I)otll heights and S1OI)CS f(J1 t) )tll ~),larizaticl~ls  a]ld o]tc cx~)ects  11-polarization

to SIIOW a similar slope depelldcl~rx  ill il~is  c~.i~ one concludc!s  that  the validity of the

l)erturbation  series in equatio~l ( 4 ), arl(l ils  irit(rprctatioll  as a lrl\llti?)lcscatterillg  series,

is lilnited tothesr~lall  slope al)~)~-(lxirrlal  i[,ll, 1]] i~;re(:lllel~t  with thevmk of Voronovich  [8].

A more accurate series expansiorl l[ktl~.t  II]ilu(lt S1OI)C dcpe]ldellcc CV(VI it) the first-order

ex~)allsioli  terln.

lIavil]gc)btailled  tl)e first-older  CXIMIISIOII  t(IIII, it is IIOW possitde to sepa~ate the source
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fu)lcti(JI)  iIlto  (:~])~)rc)xilil;lt,e)  si]l!j,l(  :It IIl II] lltl;l(’s(;ttt(,liIlg  tclIlls, :illll  [() study the dc})m-

(lcIIcc of lligiwr  o r d e r  terms  o]) il][’itl(’lllt’  ;IIIf,l(’ alltl  sulfau’  IIlls Iitip,ll(, ITi,qurf! 6 s h o w s  a

(wlll~mris{)ll of tllc lnag,llituCie  of tl]( fils” ;111(1  Iligtlcl  Ol(k!r (’oll)])oll(’llts of tllc source  flllIC-

ti(lll  f o r  I)otl)  i~lci(lcnlt  l)olariz:iti(Jlis.  :111 itl(i(lf~lcc  :iIIp,l(I  of 60”, :111  IIIIS sulfate liciglit  o f

A and Lwo values of the Sutfac( S1[)J )(’. i  ‘(]tll]}  lriIlg 1]1(, t,wo cor[l))[)Ilc]lts.  wc  scc  tlmt bot]l

first  a]ld ljigll(,)o rdercorlll)o~lcllls(, f ttlt  ~1{111 fult(ti(}ll  llaiwsilrlilal  (}laracteristics.  Ilotl]

S}1OW strong  l)caks aroul)d tile ((jil{l~lit  (] ILL<lI()]J  (~ : O ) .  ‘J’}](I  Ilip,tl[,l  o r d e r  ~1-~mlarizcd

s o u r c e  f~llictioll  sl~ows ]Iulls ill [}~[’ S:41111, fll;i~ (v; as t}l( firsl (.)I(IcI  sollrce  fll]lctionj  while

tile V-})olarizml  sollrc(!f~ltlctioll;tls~]  stl(n:s  ;~ j,nkfor  c(,l~~)lillg, t[)l):i(”k-  ~}lo~);tgati]lgs~  lrface

Wav(’s.

l’br tlw slllootlmr surface, tilt lIi~,}I(r (11(1(1 WUI(T function  is ,ij)~)~~)xil])ately  OIIC o rde r

o f  lllagllitudc  sloaller  t,hatl  the iirst ~~](i,’1 s<)}l(e ftll~ctioli  iu t}lc lcf~i(~~ls a w a y  from t h e

coller(!r]t alld surface coupling j)c;iks,  III IIJI })(ik re~io?ls, IIowrv[’t  ttl(’  lli~,lwro rdersource

ful]ctioll  is lar~m than the first 01(1(’]  st)lltt(  jll]lctioll. ‘J’l)e rollgll{’r  surface, oll tl)e other

hal)d, lms Slnallcr-  magnitudes fo] t Ilc 1,1, )) ~a~,at , r,~~, wavus, but slig}lt  Iy IIil;llcr  II)agnitudes for

tllc IIoll-l)rol)ap,atirlg  waves. “1’l]c sl)a~)(s  f,f t II(! ~waks lmve tmolllc wi(lr]  a]~(i the el~ergy is

Illuc.11 IIlore ulliform]y distributc(l  tltro(][;liok]t”  t II{, S]xwtl  ull I.

We IIext  exwl~inc the lligtler  01 dct M)I])  ,.( fu],(t ion f(u llcar-gl  a?irlg  (89°) incidence angles

(k’igure 7 ) .  Ul]like tl]c 60° incide,}c, ii),~l cas, the tlm~l~itucfc  of t}w l~igllm order source

function is colrlparable  to, or IIig},cr t liall. t )1( fl Tstf-orcle]  soulcc fullct ion. F’u I thermore,  the

shape  of both the higher-order SOI]] cr f~)]~ tic )11 r (,wrrlt)les the sl)a~)c of t llc first-order source

fur)ctio]l.  ‘1’hc Inain difference is t hat t,[)t } }IO?.LK and JIUIIS ~mvc ~Nxv, s]l)cmt IIed out in the

liig}lcr  order source function, q’~)esc I {>~lllt. i I,(li  iite  t ]Jat }lig~m ordm s(at  tc!ring becomes of

silnilar  iltlportinc.c  to single scattcy itl~, a~ t ~IC a]ly 1(: of illcidmlcr  illcrt!~w!s,  and t IIis  result will

be boruc  out by the far-field results of t 11(:  (l~xt  ~~ction, ‘1’his result p,ives  an indication that

t}l(!  srnal]ness l)arameter  in the scatt v] ill$, eX\M rl~iioll  i:} ]lot p{)(, wilic)l  :ipproaches zero as

tlw il~cidellce  al~gle ap~)roaches  gI azill~,. as i: s{~lrlt;tilr](!s  stated ill tllc lit(:rature.  According

to t}lat  ~)icturc, first ordc:r scattcti]lg  st~c)oi(! il!,l,!ove as aJ~ a~Jpxoxilllatio)l  as the incidence
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alIRle  ili(.r(,asrs, ‘1’lIe iInljortalJ((’  (If 1111111 III],  s{, [tcri]lp,, IIOWKV(I, sI](,LIIcI  t)c c](’ar due to the

fact  that  stlad(m’iIlg  i s  iIltriIlsi(;:illy  a  Illt]i 1 i;,le .[ att(’lirlp,  1)11(-,11  (1111  (~11( 111,

‘1’0  fllrtller  s t u d y  t h e  IlatUlc  (if t II( il~l  l] ,i( t I ill  bctw((’11  t }Ic  variolls  IFoul i(r coIn])oIlents

o f  t}l(’ S\II  face, (JIIe  coInlJutes  tllc SI)III~(I  i III ( t I II slI(xt  I ulII  jIl  l;i{;ul(’  N for a s u r f a c e  W11OSC!

l~()(lrier  coI[l~)ollrIlts  of wave] ellg(ll  SIIIIII(! t tat. J hate t)(v)) I (m Iov(’(1  fm aIL illciclcnce  a n g l e

of 89°, a]) rl[ts Ilcigllt  of A, and two \iililts  f(l) t 1)1 ] 10s sut face slo~)(’. I’01 all t}lc surfaces, the

s~)cctrull]  of tilt,  source fu~lctioll  SIIOV;S ,1 Il(ltll;;tic fa]lofl  for wav(’l(lIy,LIIs s]llaller t h a n  t h e

Ilragg Clltoff  whi le  reIIlainiIlg  uII(lIiiIII’,1’(1  iI II I Ii larg(r  vavel(np,tlls ‘1’lIP suddenness of the

fall-off is greater for 11-])olari7atioli  iill[i ~ ~] tlII wn(wt 1](’r  SUI fac(s. ‘1’) I(:scI I(sults i n d i c a t e

t}lat, eveII t,} IoIIg}I I have estal)lisllml  I }Iii( lri(]ll il)le scat terillp;  ])lays i(]l il[l~xmtant  role for

this incidence aIIgle, t i le  higlIcI  or(lo  c mjJliIv,  corfltci(llts  arc SI ill kwalized  in  Four ie r

s~)ace;  i.e. j multiple scattering II I(JIIICIIt  UIII I I a’, sfms occur oIIly ]wt w’(m) waves which are

Imar iIl F’ourier s~)ace. Mechanisllls (If CIII~IKy t 1 ansfer whicli  aJc lo(alizcd  i[l r e a l  s p a c e ,

s u c h  m sha(lowi]lgt  do !]ot seelll  to ]J];Iy a IIIH){ II ro]e III dct(’1 Illillill$’, IllOIllC!)lt  UIIl  t r a n s f e r s

fol wavclcngtIls colllparable  to tli(  (:Iw t i (~1 ~ w}I,)l{ t ir wave!cngt  1~, ‘1’Jlis is ~~}rysically  ~)lausible

sil~ce onc exl)ects that smaller sc{itt  cl~~s v ill (allse cliff ractioll Ifit}lel  t ]Iall  s]ladowing.

As all i]ltermtillg  feature, notice t)la( t )IP (tl)}illcelrictlt  at p(7) :- 0 is still I)rcsent  for ver-

tiCal  l) Olal’i ZatiO1l,  even t]lough t]]t’ ] C’S(.)]liilt wavt+. have b(w) rcn]ovcd,  ‘] ’)lis is in qualitative

agreement, with tllc higher order 1)] edit{  i(l[ls  of (IPM [6]. h’oiic(!  also that once the single

scattering comj)onent  is removed, PIIIIa  II(t, II ICII1s of tile surfacr  slxwt  r 11111 for wavelengths

equal to A/4 ap~)ear. These enhallcelll{llts a! v 1)1 (~sel~!  fc)l both  hcmimltal  ard vertical po-

larizatioxls  and for the three surfai~  ty~,m 1 d(} Ilot llav( an ex})latlatiorl  fol the behavior

at this ti]lle.

]n t}lis section, I examine the c(llltrit)utlt~lls  of t}ie first and IIi{<ller  oIdcI  source functions

to LIIC scattered field  at infinity. lox ()])~ {lill]~’l~~ic)]lal  surfac~!s,  tile col)l~)lcte  polarimetric

Stokes matrix lms only four non-~(,1  o tlrirt(]lts )’!)].  }Lather tlla~l  usilis the Stokes matrix

elcrllellts,  ill this par)cr I will cxalrlitlc  ttl( f(]]l(lwing  })ararlletcls  wtlicll  contain  the  same
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(o,, ) ), 1 ( ):. ” [1, : J/’\(o,,)E;.(f JL) > (11)

(12)

(13)

(14)

wllcre  0,, is tllc scattering angle for tll(’  r!} I l,],)jagat]ll~, I]io(lf! all(l is $,il’cu  t}y the grating

(15)

velti(..  al]y }}[)latizcct  scatt,cring

thatit a~](vwwit}l  noll~)criodic

surface case after integrating ov(,] a l l  S(llI(’IIIIK  allglcs [19). ‘I”IJc ~mr:i]octcrs  -y a n d  @

rcl)resellt tllc IIlagllitudc of t h e  fi(:l(l  u~IIt lati(lfi  a]d th( relative  ~)lIaw’  (lifrercnce  b e t w e e n

thc]l- a])d V-~)olarizcct  fielcts. 1]] tlI(SII, iiIl )’tlillrbatioll  Metl Iod (S1’hf) orl’l]ysical  optics

lilllits  tllc correlation S11OU1CI be urlit  y arl(i I }1(> 1 ( avid lr fields shouh]  tw out of I)l~ase  by 1800.

lkviatiol~s  frot]l  these values call  I)(. {ll~t to tu~) callscs:  a diflerwlt  scattcrirlg  mechan i sm

(Sllch &sllllllti~)l(:  scattcrirlg  orsll:ifl{,\,:i],{)  il]J))li(’S;  C)l, tt]e surface fcatulcs  responsible for

~)roducillg  the sc.attcring arc diflc)c~, t ftll !}[IL  tv.~) polmi~atiolls.

Figurc9prescnts  the first-ord(l  far fi(’l:ls  cattl:ril[gr  es(lltsf(lt  all i1\ci(le11ceallgleof60°,

an rllls  height of A, and various values  {)i tlI( s~~lface sh)~w. Fcjr}l-lJ(~laIi7atic)ll,  the bistatic

cross sectioxls  rcflt!ct  the surface l)ow(I[-1/LIw  d~, ay ill the back.j)roljti~;:ttic)ll  direction, but

tclld to flatten out in the forward (lilccti(~)l, ‘J’},t I)eak in the forward (liJ(wtioll  issorncwhat

attcmuatrd  as th(! rIns s lope i~lcxt’ascs, lIr l’-l)olali??iti(~ll , OXI tlw otllcr hand, the peak

in tile forward direction is strotlgly iit t{’ll~~atmj M a ftilwtiou of su]facc S1OIW. For both

l)olarizations,  t}tc width of the peak d(Y:I(isI,  s uith  illcrca,sin~,  sulfate slol)e,  reflecting the

l)rc)adcllil]g  oftI]c!  ~)caksobscrvcd  illl`i~,~l!((;,  'llifcolI  elatiorll  )etu'ccllt  }l(>tw()}  )olarizatio1ls

is IIigll  for the first order tcmn, indicatiup  that t,, tt] H- aIId V-ljc)lati~atiollsscatter  frotn the

same surface IIragg  compollcnts, ‘J’llel(’lai(  l~ll:~`:c difTertl~ccl  )ctw'ccllt  }l(:tu~c)~j  olarizatic)xls
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is ii~)l)]t)xilll:ttf:ly  180° , collsistrlll  \\’]i II ~i  5111!  ’,; tm(ill’t  lx)larilll(tl  if si~]]atll]e.

[~i~,~lrc  10 ]Jrcscnts  the  lligl~m  ()] (i(I ii IcI II: ~lts f’(~1 t)I(~ saln(  iIlci(l(t)c(l a]]p,]e.  As cx~)ectcd

f’10111 tllc sOIII(C fllllrtion  ICSUIIS  stl(ju)l  itl I  +’,urc  [I, IIIe  III;{F, II IIIII1(  of tllc llighex  order

s(.af !,c Ic(I fic](l  is  MI o r d e r  of IIla!z,llit  11{11, ,],I;III,  r tll;ilt  t 11(’ fiIst ol(lt’1  ii(’ld, wllilc tllc gct~cral

SII:L1)C of tllc l)istatic  cross sccti(]~t 1~11,-kil~s .ll[lila~, ‘J’llc  Viilll[N  for tllc IIV c o r r e l a t i o n

t(wfliciclit ar(~ low, illdicatit)g that I II(I  }IIJ:)III Or(l(’l  iiclds S(att(’1 flor]l diff’crmlt  s u r f a c e

feat~lrcs  foreac]l  incident I)olaliz:itioll ‘j )1::.  i: III a{:l(clllcllt,  with ftlt  [alclllatcd  cor re la t ion

tJctwccll tllcso~lrccf  llrlctiollf  (Jlf:{ol” lI(]lritiZal)]I  (rcs~]ll llot  s}lmv[l).  IJillally,tllc!IIV1~ll&sc

differcIlce,  alt,llougll  Iloisy, is ro{l~~)ll~  z!I,), ‘1’])1s iscollsist(:llt v:ith t}l( i]ltel~)rctatic)lloftlle

higllmmdcr  field as bcillgduc  IIlailllj t{ (Iol]llfsci]ttc]illg,.

l’or IIigllcr  ilicidcnce angles, t}l(, 1(.lllt:  f(, r ILhe  filst-ord(.r  f i e l d  alI! colwistcnt  w i t h  t h e

])1’WiOUS d i s cuss ion  (S CC F i g u r e  ]] f(,l t], (, ~<): lllCid(!lKC  a{~~,lc  ca.w),  ‘Iillc  Illain diffcrcllcc

appears ill the IIV I)hase diffmelicc, wII(I,(,  III<  III  is al)l}roxiltmtc]y  ]h(l(’.  ‘1’}lis  i s  c o n s i s t e n t

with tllc plmsc  shift observed in IIIC \’.J)(ll:{liz,:{~()]l  SOIIICC fu]lctioxl  ill l“igure 4. ‘IThc results

for ttlc ]Iighcr order field, on tll(  otllo  tIai Id, ale dif~mt!nt in ont!  sijylifica!lt  respect: the

IIV [)hasc difft!rcnce  is shout 18[1”, {t)]IsJL.((I)t  v,ith an o d d  (rat]l(I  t,}lall  ~\,[,ll)  Illlrrlbcr  of

bounces.  q’l~ist~c}lavio~lr  isol)ly,  ~l)st’l\’i~i f)l i~l(idetlceallglcsO(,  ~ 80”, and incrcascs with

illcrca.si~]g  s]opc. It sugg;csts  t}lat f(ll vcr~ li~,t{ itlci(l~’llcc’allglcs  ttlir(l  order illtcractions,  or

IIigl]cr,  II)ay dominatca w a y  frc)lll  tll(s~)c  UlAI (iircctiow

I have pres(!llted  a technique f{)l s(~~a~at~tl~,  first-older  flonl Ilighct  order contributions

to the surface current for scattclilq>,  fto]l, ),(,[~+.{tly  c(,llducting  IC)IIf;}I  surface. Using t]lis

technique, I w~~ able to exa]ni)lc  tll[  d~j~(l)d!’l]ce  of tile single ;i]ld n~ultiJ)le scattering

co[ll})ollcllts  o~) i nc idence  ang]ct  rills  sll~lii~~  II(ight,, r~lls  surface slolx! and polar izat ion.

G i v e n  tllcrcsults  present,ed  inthis]m~wr, (IIi(’ ( iII Irmke the follow’ill~ (w~clusions:

1. For lligller  illcideI~ce  atlgles,  tllcl{’ is i! st),~}gdtl  )el~(iexice{)ft  llcfils  t-ordcrscattering

Co(’f!iCiC]lt  011  thC SUIfaCC  S1(J}ICS,  (’S]ll’(”la]]j’  f o r  v-l)(JlaIi  ZatiOIl.



where 1 use a slightly different IJ(ltati(lll  I1(JIJ] l’t’iso[[lu  (i al. tc) e][l~)lla.size  tllc symmetry

~)rolx:rties  of the sum

(1 /,(2 .?’) (19)

t) ~ (:/ z’)/I/ (20)

.5 , L 1, (21)

7 Al, sil!~(~ (22 )

The integral is rapidly convergent ii!]d ca I\ I M! ~ vidufit cd Imrlml”ical]y.  ~;ivcn  thiS sUnl, the

periodic Green’s function can lm writ t[l~ :Ls

gp = : H;(4
(s(,)~ .( ,,:’”’) . ~~(,,~,7,f>)  -{ S((J,, - b, T,s) , (23)

/

.



a]ld the pcrio(lic Grccn>s  flll)ctiotl  r~lll  1)1

2 ~ }I; (J’(T)Lib)’.t  {,”).
g,,  =,

4 !rlz -N

Since b > –1, for long surfaces ()]]{  will

1 >> (h - )L’)2/1,2, wllcrc h is tll(  su!l<i(t

tl]c illtcgrallcl  of S will donlitlatt: tt~~’ valu~ ~,! tllc i)~tey,lal a]ld tlir ~Jala~nctcr  a wil l  only

l~avcaslnall  influence. This allowfs  I)k tol’,.l)tlll~i  S iII t(,ruls  ofa

writt,(,ll .3s

( ‘ ‘“ ,S(aj A’ t b, 7’, ,$).~ ~,- IYr,  $’ (a, h- b,-T. S) (25 )

l)iv(:  l)iat ,s;’(;) + b)z >> IIz, or, Cquivalclltlyj  t h a t

l,(i)llt Wh(:l]  this is tl][!ca.w,  tlleexponcntial  ill

1,,,(:  ~,?ls(n)(o,~-l  (As,?)

S(a)l v-t b,s, ?):: ):, - - J- - ~~

1, ()

(26)

where  S(’l) is tllc nth  partial dcrivat ivc’ [Ij ,9 Mit,h lcsl~rct  to a, a]id is easily obtained by

diffcrc]ltiating  equation ( 18 ). ‘1’IK!sc  i;lt(y,! al< ale also I apidly co~~vcrr,e~it and independent

of t]lc surface }K!ight  so that th(!y ca~t ] )C ~)r ticc,~))~)utcd and stored ill taljles.

‘]’hc nunlerica]  evaluation of i iIc (;r( LII)’S f’llnction  is pcrforllld  I)y evaluating equa-

tion ( 25 ) and replacing S by it,s a]]l~[oxl~\~ii(  i{ll~ (.quatioli  ( 26 ). 1~1 t}lis l)apcr, I have chosen

t}lc surface lcxlgth  to bc 102.4A al~d tlic sIIrl;\((  IS sa)llph:d at 0.1A illtcrvals.  ]Iy comparing

against  tllc exact result, I have follll(l  t)jal il is sllfflcicnt  to take N ~ 1, and t~,,~az = 6. All

the integrals, as well as all Sutmw]ul’l]t  (“; I 1( IIliil  i{)ns+ WC] t: computed  with double precision

arith~nctic.  ‘1’hcr(! is HO absolute test of I }]( ]Ijl,leric:il accuracy of the M(JM results, but
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t ]1(’1(’  21”(’ SOIIl(”  1) CCWSM’% t(!StS  t () Mr]li(’]l ] +lIt JJI [(’(] t }1(’ 1 (’Sll]t S. ~l(l>t illl])(ll’ ttlllt]y, I c h e c k e d

t 11(! (Icg!(w of CIIU~~ COIK!I’V~t iml:  f(ll :111 I tli’ 1 ( .lllts ])1(’wrlt(’(1 11( ’1(’. t 1)(’ (’l)t’r’gy Conservation

W&S \wttt~r tll:ll) ().lO/O ~ iill(l ill Illljst  (’il<l,.  It Mi!<r ~)(?t,t[’I  ( tl~Il  ( ) . ( ) ( ) ]  %, ]“{)r  SC](’CtC!(]  SU1’f~LCCS,

1 a l s o  cll(!cke(l tflc lJeriodicity  of t II(’ ,\ III j.i(  II ( II IeIIt. tll( tc(i~]locity  (~f’  the s c a t t e r - c d  field,

all(l  tiw (’xtillction  o f  t}ie f i e l d  })(,lo~~  t ]11 :111 f l((). A l l  ( IIC ll’s IIlts i)r(’setltc(l  llcre  s a t i s f i e d

t iIcsc tests  wit])  good accuracy.

]<’or t lle vmtical  ~)olarizatioll

l i v e  of tl)c Grt~cn’s  functio]l at

followill~  exlnx’ssion

r-t . V(JP ==

(ill(’l  l[; L[illl  l’., ii is ]I(ussary  to colllI)l)tc  tllc )Jorlual dcriva-

1 l)c SIII f;lm I I!,illg tl~(  ~)rcvi(]us  I  (w(llts,  OIIC obtaim  t h e

i.-
<.

(27)

[

(/lr (UZ ?) (1:. (llI\A1-? -  ‘2i_ ). . . . ( [-””-t ?Lsirt  <III\ U2 - 2;) ] (28)\/,,2 :)*

Tl]is  (expression is  evalautcd,  it]  aTIalo~,,y  M tll tl,~ (!x})rcssioxI  f(lI  tile ]WI iodic. Green’s func-

tioxl,  I)y cx]xmdiI]g  Q in powers of o to six  I.), (o], i{:r.
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}’i~llI(’  (’il])ti(lIIS

Figurw 1 :  l“iguxw la s]lows tlIL’ ~J(ll~lt <If (tic sll]fa~(: illlll~lillat[>ti  :LS :i ful]ction  o f  tllc

low’-frc’{lllc]  ]cy{llt-ofl.”  Figurw  lt}slllJ\is  lr~’]J]i  :101N, s~~lid li]l(,) :irl(l lJJis  culvature  (dashed

Iillc)  ~saf~l~lctio~l  [jftllc low-flf’clll(llij  { [! t)jl ‘1’}1(’ sJ)[’{”tl:il d{’ca~’ l)(nl’{’r  is -3 al]d tile rlns

llt:igllt  iso~, = A.

Figure  2 :  F i l ” s t - o r d e r  ~)(?rt(l]~)~tjoll  [(,(’111(’11’llf  for )111s ]lci[\}lt ~,, ~, ‘1[]” jl]ci(]cnce  aI@c

,aIld  A  : 102.4A (crosscs)j  A  = t)] ,;)~, (ll,’i  II II  II  111 S)j  :iIIIl Jf =: ‘2 fI. fiA (trial  lglcs).  T h e  maglli-

tll(~(!  of t,hC!  C()(!f]iciCIlt as a fUll(’tl(Jll (II \VIYt’li\lllll)~I jSS]lOWli  j]l  ]+’i~,(ll(’  ~a (\7-])Oh’jZatiC)Il)

aIId 2b (11-~)[)larizatioIl), TIIcj)lI:Is(  (II tlIf fir.t-rdcJ  co(fficicl~t iss}io\\’11  in h’igure 2c  (V-

~)olari7,atioll)  and 2 d (11-~)olarix:iti(,ll), ‘111~1’l’h’l  filst-orclr?r Cc]cf[icirl]t  iss]lowll  ~q asoli~i

lillc.

F igure  3 :  Asilll~igure2,  but, fol ~]rls lli~,tit h := O.l A, 8(]’ illcidl,licc  alt~lc.

F igure  4 :  As  i]] Figure  3, but  fot ] llts  t~i i~,llt  r-l,  =: A,

Figure 5: v-~)olari~atic)l~  first  ()]{~(’]  $(’~~1  !’] 1]1~~  (’ocffi(’i~]lls fo~”  (Ih J ~, :iIId  incidence angles

of 60° (a), 70° (a), 80° (a), and 85<’ (a). ‘[ ’1,( s i] face collvcllt  icnw a~c a.s ili IJigurc  2,

F i g u r e  6: 11-jwlarized  (triangl(~.i)  aIi(l  lr])[:)li~)i~d (CIOSS(;S) first  (u-d~r  (a)c) a n d  h i g h e r

clrde.r  (b,d)  source f~lllction  n~agl]  it ~i(l( Jol  ;,YI i IIcidcllce  angle of 6(1:’ slid al] rms Ileight  o f

a}, =: A. A =- 102.4A for Figures 6(, a) :i!l[l  1111 .~, 2h.6A for l’i~,u)es 6(() and (d).

Figure 7: As in Figure 6, but fc)l at] il](i{l[lw{ a]lgle  of 89°.

Figure 8: H-l)olarization  (trial@:s)  atl(l 1’ ~~(lli~rizatio]l  (crosses) source fuIlctioxl  nlagni-

tudc  for alI incidence angle of 89° al)d a!t J ti$, il(:~~,}lt  of oh := ~, for a surface w]lc)se  spectrum

IIas bceII truncated at  A. A = 102.4A  fc)l ) ‘i[!,[lr[,  8(a). A ~ ~ 25.6A f(ll h’i~urcs  S(b).

Figure 9: Polarimetric  paramctels  fIII  f II( fi I st ~. )~ deJ sour cc fo~)ctio]l  for aTI incidence angle

of 60° slid au rlns height of ah : ~. ‘J’\It  : III  fiM:t ronvc)it  ions are tLs iri l’igurc 2.

Figure 10: Polarirnctric  parall)et  ers f{)] t II( 1, i,,l,cl-oi  (lcr source follctio)l  for an incidence

angle of 60° and an rms height of flh ~ A, ‘1 l,{ fillrface  collve?ltio~is  :ITC as ill Figure 2 .

F i g u r e  11:  l’olarimetric  paranw(e)s  fo] t}I( f,rst-ord{n  SOUIC.C  fu]wtioll  for  an incidence

a@c of 89° and an rvns height of (’JIL : ~,. “1’},fl  s{l[fa(,c  co]ivc]lt  iolis  ar(: as ill Figure 2.
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